Local photocurrent generation in thin films of the topological insulator Bi^Se , 
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We report on the optoelectronic properties of thin films of Bi 2 Se 3 grown by molecular beam epitaxy. The films 
are patterned into circuits with typical extensions of tens of microns. In spatially resolved experiments, we 
observe submicron photocurrent patterns with positive and negative amplitude. The patterns are independent 
of the applied bias voltage, but they depend on the width of the circuits. We interpret the patterns to originate 
from a local photocurrent generation due to potential fluctuations. 



In recent years, a new class of solid state materi- 
als, called topological insulators, has emerged. 1 In the 
bulk, a topological insulator behaves like an ordinary in- 
sulator exhibiting states with a band gap between va- 
lence and conduction band. At the surface, gapless 
states exist showing remarkable properties such as he- 
lical Dirac dispersion near zero energy 2 and suppression 
of backscattering. 3,4 Initially, the existence of such states 
was predicted theoretically 5 and verified experimentally 6 
for two-dimensional HgTe/Hg quantum wells. Later on, 
also three-dimensional topological insulators, 3,7-9 such 
as Bi 2 Se3, 10,11 were found. In the three-dimensional 
systems, the characterization of the surface states via 
transport experiments is often hindered by a large 
residual bulk charge carrier density. 12-14 However, both 
theoretical 15,16 and experimental work 17 provides evi- 
dence that the helical surface states can be selectively ad- 
dressed by excitation with circularly polarized light and 
subsequently read out in a corresponding photocurrent 
measurement. 

Here, we experimentally investigate photocurrents gen- 
erated in thin films of Bi2Se3 grown by molecular beam 
epitaxy. By measuring the photocurrent at zero bias 
voltage, we find a global photoresponse of the overall 
circuit, whose average magnitude depends only on the 
device geometry and excitation intensity. Remarkably, 
the photocurrent shows reproducible submicron fluctua- 
tions with positive and negative amplitude. By changing 
the charge carrier density via a back gate, these spa- 
tial photocurrent patterns can be continuously deformed. 
Therefore, we conclude that the photocurrent is gen- 
erated by local fluctuations of the potential landscape 
in Bi2Se3. Our findings are consistent with a photore- 
sponse predicted very recently for gapless materials, 18 
and they may prove useful for the design of photode- 
tectors based on topological insulators. 17 Furthermore, 
such information on fluctuations may be valuable for 
understanding electron transport properties such as lin- 
ear magnetoresistance 19-26 as well as for the study of 
the exotic physics near the Dirac point in topological 
insulators. 27 

Starting point are thin films of Bi2Se3 grown by molec- 
ular beam epitaxy on SrTi03(lll). 28 The films are pat- 
terned into 50 /im wide Hall bar devices using standard 
optical lithography and plasma etching. Ohmic con- 



tacts and a gate electrode located at the backside of 
the substrate are formed by metallization of chromium 
and gold. We investigate samples from two different 
wafers with a film thickness of 10 nm and 20 nm, re- 
spectively, which yield qualitatively identical results. By 
independent magneto-transport measurements, devices 
fabricated from similar wafers were shown to exhibit in- 
dications of the surface transport characteristics in topo- 
logical insulators. 28,29 

All photocurrent measurements are carried out at tem- 
peratures around T w 30 — 40 K in a He atmosphere at 
a pressure of about 5 mbar using a scanning confocal 
laser microscope (A = 800 nm). With a spot diame- 
ter of 1.5 /im and an integrated laser power of 10 /iW, 
the light intensity I opt is on the order of kW/cm 2 . The 
laser is modulated at a chopper frequency / c ho P - The 
resulting photocurrent is measured between two electri- 
cally unbiased contacts using a current-voltage converter 
and a lock- in amplifier triggered at /chop- By scanning 
the laser spot across the sample and simultaneously de- 
tecting the photocurrent and the intensity of the reflected 
light, corresponding photocurrent and reflectance maps 
are recorded. 

Fig. 1(a) depicts such a reflectance map of a circuit 
made out of the 10 nm thin film with unbiased con- 
tacts A and B. Contact A is kept at zero potential 
whereas contact B is connected to a current-voltage con- 
verter. All other contacts of the circuit are floating 
(not shown). The corresponding photocurrent map is 
depicted in Fig. 1(b). We find distinct photocurrent pat- 
terns with positive and negative photocurrent amplitudes 
on the order of | /photo I ~ 10 pA at I opt = 1.2 kW/cm 2 . 
The signal is concentrated along a current path between 
the non-floating contacts A and B, otherwise it fades out 
towards an average amplitude around zero. Furthermore, 
the photoresponse is enhanced when the geometry of the 
Bi2Se3 channel is narrowed [Fig. 1(b)]. A magnified high 
resolution scan of the area marked by the dotted rectan- 
gle is depicted in Fig. 1(c). 

Relaxation and recombination times in Bi2Se3 are on 
the order of ps. 30,31 Therefore, primary photoexcited car- 
riers typically decay and thermalize back to equilibrium 
conditions before reaching the contacts. In our case, 
the contacts are located at a macroscopic distance of 
about 1 mm from the excitation spot. Therefore, we 
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FIG. 1. (color online): (a) Reflectance map of a 10 nm 
thin film of Bi2Se3 (bright) on a SrTiC>3 substrate (dark). 
Photocurrent / p hoto is measured between two unbiased con- 
tacts A and B as a function of excitation position, (b) 
Photocurrent map of same area as in (a) (/chop = 239 Hz, 
/o P t = 1.2 kW/cm 2 ). (c) Photocurrent map of the area 
marked by dotted rectangle. Dotted lines indicate boundary 
of channel (/ chop = 239 Hz, / op t = 0.9 kW/cm 2 ). 



FIG. 2. (color online): Photocurrent map of a 10 nm thin 
Bi2Se3 channel with varying lateral width. Dotted lines in- 
dicate boundary of channel, (b) Histograms of | /photo | ex_ 
emplarily depicted along dashed and dashed-dotted lines in 
(a), (c) (| /photo |) as a function of x-position. Squares corre- 
spond to a second photocurrent map shifted compared to (a) 
(/chop = 439 Hz, / pt = 0.56 kW/cm 2 ). 



can exclude direct photocurrents as well as photo-ther- 
moelectric currents, as seen near contact interfaces in 
Bi 2 Se3 17 and also graphene. 32,33 Since the contacts A 
and B are unbiased, we can furthermore exclude persis- 
tent photoconductance effects to cause the observed pho- 
tocurrent patterns. 3 Instead, we attribute our findings 
to a global photoresponse caused by a local photocurrent 
generation mechanism as recently proposed for topologi- 
cal insulators. 18 According to this model, a local, micro- 
scopic photocurrent j\ oc (r) sets up a global photocurrent 
/global given by 

global = J d 2 rj ioc {r)V4>{r) (1) 

where A is a prefactor accounting for the resistance of 
sample and circuitry and ip( r ) is an appropriate weight- 
ing field. 18 We observe that the photocurrent patterns 
are very reproducible and persist on samples from both 
wafers independent of /chop (up to 4 kHz), temperature 
(up to room temperature) and applied bias voltage (up 
to 100 mV) (data not shown), and that | /photo | depends 
linearly on / op t, which all is consistent with the above 
model. 

We systematically investigate the impact of device ge- 
ometry on / p hoto, which is already evident in Fig. 1(b), 
by varying the width of the channels. Fig. 2(a) shows 
a photocurrent scan along a narrowing Bi2Se3 channel. 
Clearly, the average magnitude of the photocurrent pat- 
terns decreases with increasing width. In particular, 
Fig. 2(b) depicts histograms of the photocurrent ampli- 
tude | /photo | inside the channel along the dashed and 
dashed-dotted line in Fig. 2(a). By approximating the 
peak with a Gaussian distribution, the mean amplitude 
(I /photo I) of the patterns can be quantified. Fig. 2(c) 
shows (| /photo |) as a function of the x-position along the 



channel. The error bars denote the standard deviation 
of the fitted distributions. With increasing width of the 
channel, the average magnitude of the photocurrent de- 
creases. The solid line is a decrease curve with a satura- 
tion value at the finite noise level of 0.7 pA. 

Generally, after the local photocurrent generation, i.e. 
the photogenerated charge carriers are spatially sepa- 
rated, a lateral diffusion of these charge carriers takes 
place until they finally relax back to equilibrium condi- 
tions. Assuming typical values of D = 10 cm 2 /s and 
Trciax = 10 ps for the diffusion constant and the relax- 
ation time, respectively, 30,31 ' 35,36 one can estimate the 
effective diffusion length of the photogenerated charge 
carriers to be on the order of 300 nm. 37 However, the pho- 
tocurrent depends on device geometry even if the excita- 
tion position is separated by more than 10 /im from the 
channel boundary [Fig. 1(b), Fig. 2]. Therefore, we at- 
tribute the decrease of the photocurrent magnitude with 
increasing channel width to the sensitivity of the long- 
range global photocurrent /global to the boundary condi- 
tions, in accordance with Eq. 1. 

From atomic force microscopy ( AFM) , we find that the 
surfaces of the Bi 2 Se3 films are homogenous in height 
up to a single quintuple layer of Bi 2 Se3 [Figs. 3(a) and 
(b)]. Photocurrent maps of the same area are depicted 
in Fig. 3(c). One cannot relate fluctuations in photocur- 
rent, especially changes in sign, to fluctuations in topog- 
raphy. However, gate dependent measurements reveal 
that the observed photocurrent patterns can be contin- 
uously deformed by changing the charge carrier density. 
For the gate voltages shown in Fig. 3(c), the charge car- 
rier density is varied by approximately An rj 10 13 cm~ 2 
compared to a bulk sheet density no s» 2 • 10 13 cm~ 2 in 
these devices. 28 The voltage-tunability suggests that the 
local photocurrent generation is related to the electro- 
static potential landscape in the Bi 2 Se3 films. Scanning 
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FIG. 3. (color online): (a) AFM image of a 10 nm thin Bi 2 Se 3 
film, (b) Single line scan along dotted line in (a), (c) Pho- 
tocurrent maps of same area as in (a) for back gate voltages 
of -80 V, V and +80 V, respectively. Dotted lines indicate 
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tunneling microscopy (STM) experiments on thin films 
of Bi 2 Se3 and Bi 2 Te3 revealed potential fluctuations on 
the order of tens of meV with a spatial extension of sev- 
eral nm. 38 Therefore, we attribute the local photocurrent 
patterns to be generated by the separation of photogen- 
crated electrons and holes due to the fields arising from 
such potential fluctuations. The direction of the pho- 
tocurrent and consequently the sign of the macroscopic 
current are then determined by the direction of the po- 
tential gradient. We note that the observed pattern size 
of the photocurrent is on the order of 1 fj,m and below 
as can be seen in Figs. l(b,c), 2(a) and 3(c). In our in- 
terpretation, this size is determined by the interplay of 
the potential fluctuations, the laser spot profile, and the 
diffusion of the photogenerated charge carriers. 

We note that the observation of a local photocur- 
rent generation points towards a current incompressibil- 
ity as predicted in gapless materials. 18 Thin films of 
Bi2Se3 are usually n-type directly after growth due to 
selenium vacancies 39 and they suffer from additional n- 
doping due to surface degradation when exposed to atmo- 
spheric conditions 14 ' 40 resulting in a large residual bulk 
electron density. Even with electrostatic gating up to 
^gatc = ~80 V, the chemical potential cannot be moved 
into the bulk band gap across the whole thickness of the 
film. 28,29 The participation of the bulk carriers in the 



transport may explain why the photocurrent patterns in 
Fig. 3(c) do not change qualitatively with the gate volt- 
age. Clearer results concerning the surface states might 
be achieved using material systems where intrinsic doping 
effects are compensated, 23 such that the bulk transport 
can be suppressed. 

In summary, we report on spatially resolved photocur- 
rent measurements of molecular beam epitaxy grown 
films of the topological insulator Bi 2 Se3. We verify a 
global photoresponse mechanism predicted for gapless 
materials caused by a local photocurrent generation. We 
interpret the local photocurrent to be generated by spa- 
tial fluctuations of the electrostatic potential. 
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